Abstract The aim of this study was to evaluate the prevalence and molecular characteristics of methicillinresistant Staphylococcus aureus (MRSA) among pigs and estimate the impact of this animal reservoir on human healthcare. Nasal swabs were derived from 1,600 pigs at 40 German farms. The MRSA were characterized using S. aureus protein A (spa) typing, multilocus sequence typing (MLST) and detection of toxin genes. In a retrospective case control study, we compared risk factors for the carriage of MRSA between patients carrying spa types found among regional pigs and patients with other MRSA molecular types. Pigs carrying MRSA were identified on 70% of the farms (spa types t011, t034, t108, t1451 and t2510, all associated with MLST sequence type ST398). Contact to pigs and cattle were independent risk factors for the carriage of these spa types in patients at hospital admission. Our results indicate that livestock represents a relevant reservoir for the import of MRSA into regional German hospitals.
Introduction
During recent decades methicillin-resistant Staphylococcus aureus (MRSA) have emerged as human nosocomial pathogens throughout the world [1] . More recently, several reports described their importance in veterinary medicine. MRSA were found to colonize and infect various animal species comprising horses [2] [3] [4] , cows [5] , dogs and cats [6, 7] , rabbits [7] and other companion animals [8] . A special focus was put on the isolation of MRSA from pigs in several countries including The Netherlands, Denmark, France, Canada, the USA and Singapore [9] [10] [11] [12] [13] [14] [15] . Although in the majority of reports pigs were colonized, but not infected by MRSA, some studies also described the development of mastitis or urinary tract infections in the animals [16] . Molecular typing showed that the porcine MRSA isolates were mostly associated with clonal complex (CC) 398 by multilocus sequence typing (MLST), corresponding to S. aureus protein A (spa) types t011, t034, t108, t1451 and relatives [9, 13] .
Consecutively, several reports suggested transmission between pigs and humans causing MRSA colonization in 23-45% of pig-farmers [14, 17, 18] and 4.6% of pig-care veterinarians [19] . A porcine MRSA reservoir therefore might exert manifold influence on human healthcare. Since MRSA CC398 will potentially cause severe infections in humans [20, 21] , contact to pig-farming might represent a risk-factor for the development of MRSA-associated illness. Moreover, as studies indicated the entrance of MRSA in the food chain, e.g. via contamination of carcasses during the slaughtering process [22] or via secondary contamination by slaughterhouse staff [23] , the potential of these MRSA to cause foodborne disease has to be evaluated. Apart from a direct pathogenic impact for carriers, patients colonized with MRSA originating from the livestockreservoir might introduce antibiotic-resistant pathogens into the hospitals. As MRSA screening strategies in hospitals are usually based upon on-admission swabbing of patients who are attached to classical nosocomial risk factors for MRSA carriage, the established "search" policies might fail to detect patients with a livestock-related MRSAacquisition.
Currently, there is growing concern about MRSA colonization of livestock in Germany, but, besides a first pilot study [24] , no further data are available. In order to elucidate this issue, we performed a prevalence study on MRSA colonization among pigs at randomly selected farms in Germany in an area with a high density of pig production. The MRSA isolates were characterized using spa typing, MLST, SCCmec typing and detection of important S. aureus toxin-encoding genes.
Furthermore, the importance of an import of livestockrelated MRSA into hospitals in countries with medium or high MRSA prevalence, as described for Germany [25] , is currently unknown. In consequence, we performed a retrospective case control study among patients admitted to a tertiary-care hospital situated in the region in which the prevalence study was carried out. In this case control study, we included patients carrying such MRSA spa types identified among regional pigs at admission to the hospital. As a control group, we chose patients colonized with other MRSA spa types hitherto not associated with livestock. For both groups we assessed classical nosocomial risk factors for MRSA carriage [26] and asked for a status of contact to pigs, cattle, horses, sheep or other animals. The comparison of risk factors among patients in the case group and the control group shall clarify whether patients carrying presumptive livestock-related MRSA types are likely to be colonized via transmission from animals.
Methods

MRSA screening on pig farms
From April 2007 to November 2007 we collected nasal swabs from weaned pigs living on 40 different randomly chosen pig farms (25 farrowing farms, 4 rearing farms and 11 farrow-to-finishing farms) on the German side of the Euregio, situated in the central Dutch-German border area. The farms were situated in the following districts according to the nomenclature of territorial units for statistics (NUTS) (http://ec.europa.eu/comm/eurostat/ramon/nuts): DEA34, DEA37, DEA35, DEA29, DEA1B, DEA14, DEA15, DEA1D, DEA1E, DEA1F. The average animal density was 1,277 pigs (range 375-3400 pigs) in the farrowing and farrow-to-finish units and 1,900 pigs (range 1800-2000 pigs) on the rearing farms.
On each farm we derived 40 swabs from weaned piglets. For microbiological analysis the 40 swabs were pooled into eight culture samples. After 24-h enrichment culture in selective broth [27] , all cultures were streaked onto Columbia-blood agar and a chromogenic medium for the detection of MRSA (bioMérieux, Marcy l'Etoile, France). Presumptive S. aureus colonies were confirmed by coagulase tube test, by use of VITEK2 automated systems (bioMérieux) and by S. aureus-specific PCR [28] . Strains with ambiguous results in phenotypic tests were analyzed by 16 S rRNA gene sequencing. Methicillin-resistance was tested by cefoxitin disc agar diffusion and was confirmed by mecA-specific polymerase chain reaction as described [29] . Susceptibility to antimicrobial agents was tested by VITEK2 automated systems according to recommendations of the manufacturer. The presence of the Panton-Valentine leukocidin (PVL) encoding genes (lukS-PV, lukF-PV) was determined as described elsewhere [30] . Genes of other members of the staphylococcal bicomponent leukotoxin family (lukM, lukE, lukD) were tested as published [31] . Detection of genes of the members of the staphylococcal pyrogenic toxin superantigen (PTSAg) family including the toxic shock syndrome 1 gene (tst), classical and newly described enterotoxin and enterotoxin-like genes (sea, seb, sec [1] [2] [3] , sed, seg, seh, sei, sej, sem, sen and seo), exfoliative toxin genes (eta, etb and etd) as well as of genes of the epidermal cell differentiation inhibitor family (edinA, edinB and edinC) and the accessory gene regulatory loci (agrI, agrII, agrIII and agrIV) was carried out using previously reported methods [31, 32] . All MRSA isolates were typed by S. aureus protein A (spa) sequence-based typing as described [33] . Multilocus sequence typing (MLST) was performed on one isolate of each different spa type [34] . Typing of SCCmec elements of types I to IV was carried out for one isolate of every spa type from every farm using a PCR approach, including a combination of different PCRs [35] . To demonstrate SCCmec-elements of type V, we used primers type VF/type VR, as described by Zhang et al. [36] , and primer pair ccrC9f 5′-CACTTAATCCATGTACACAG-3′ and ccrC-R [36] .
MRSA spa types found on regional pig farms among patients in a tertiary-care university hospital: a case control study
The University Hospital Münster (UHM) is a 1300-bed maximum care teaching hospital in the central part of the Dutch-German border area. Its referral area mostly comprises the regions involved in the screening at pig farms. The MRSA database (Ridom StaphType, Würzburg, Germany) of the UHM includes spa typing results of every first MRSA isolate of each patient for isolates obtained from January 2005 to December 2008. The isolates were obtained from admission screening cultures from the nasopharynx and non-infected skin of patients at the UHM. Screening was performed by swabbing of defined risk patients according to the national German guideline (www.rki.de, version 1.12.99 and comment 12.11.04) between January 2005 and June 2006 and was then replaced by a general nasal screening of all patients at admission. Microbiological diagnostics were performed as described previously [29] . We searched the UHM database for MRSA isolates which were derived from screening samples and which were characterized by spa types which were identified on regional pig farms in this study (t011, t034, t108, t1451, t2510). Using a standardized questionnaire, we interviewed randomly selected patients from whom such presumptive livestock-related MRSA spa types were isolated (n=100 patients, case group). As a control group, we randomly chose a corresponding group of patients (n=100) from whom MRSA with other than known livestock-associated spa types were isolated from screening specimens. Randomization was performed using an internet tool (http://www.wesleyan.edu/spn/random/form.htm). The patients were asked whether they shared one or more of the following classical nosocomial risk factors for MRSA acquisition at the time when the MRSA was detected for the first time: contact to another person with MRSA carriage or infection, prescribing of any antibiotics during the previous 6 months, hospitalization for >24 h within the past 6 months, direct transfer of the patient from long-term care facilities to the admitting hospital, need for long-term care, presence of indwelling devices (urinary catheters, intravenous catheters, percutaneous gastrostomies, postsurgical drains), presence of skin lesions (ulcers, eczema, other wounds), need for haemodialysis. Furthermore, the age of the patient, contact to horses, sheep, cattle, pigs and pets (e.g. cats, dogs) were assessed. For statistical analysis with SPSS Statistics 17.0 (SPSS, Chicago, IL, USA), data were entered into an Excel database (Microsoft, Redmond, WA, USA). Univariate analysis was performed using Chi-square test or Fisher exact test for ordinal variables and Student's t-test for continuous variables. All risk factors associated with a different distribution among the case and control groups with a P-value <0.2 were included in the initial logistic regression model. The backward stepwise method was used to create the models. Choice of the optimal regression model was based on comparison of likelihood ratios and Hosmer-Lemshow goodness-of-fit statistics. A P value <0.05 was considered significant.
Results
Screening on pig-farms
Screening of 1,600 weaned piglets at 40 pig farms in the Dutch-German border area identified nasal MRSA colonization in animals on a total of 28 farms (70%). Among these, two were rearing farms (50% of all rearing farms), seven were farrow-to-finish farms (64% of all farrow-tofinish farms) and 19 were farrowing farms (76% of all farrowing farms). On these farms, MRSA were isolated from all eight culture pools in 16 cases (57%). On four farms MRSA were isolated from 5-7 pools, on three farms from 3-4 pools and on five farms from 1-2 pools. Overall, we isolated 169 MRSA. The isolates were associated with spa types t011 (75%, n =127), t034 (5.3%, n=9), t108 (0.6%, n=1), t1451 (3.6%, n=6) and t2510 (15.4%, n=26). MLST results showed that every spa type was associated with ST398. We typed SCCmec elements of one isolate per different spa type found on each farm (in total: n=33 isolates; t011 (n=24), t034 (n=2), t108 (n=1), t1451 (n=1), t2510 (n=5)). All isolates were associated with SCCmec type V with one exception which was an MRSA t011 harbouring SCCmec type IV. None of the MRSA harboured the genes encoding PVL and other leukocidins tested. All isolates were negative for the genes encoding enterotoxins, exfoliative toxins, toxic shock toxin 1 and epidermal cell differentiation inhibitors. All isolates were associated with agr type I. All porcine MRSA strains were resistant to tetracycline, 8 (52%) to erythromycin and clindamycin, 4 (26%) to gentamicin, and 4 (8%) to trimethoprim-sulfomethoxazole. All isolates were susceptible to ciprofloxacin, rifampin, fusidic acid and vancomycin.
Case control study
In the UHM database, we identified 249 different patients from whom MRSA with spa types identified on regional pig farms (t011, t034, t108, t1451, t2510) were isolated from screening samples between January 2005 and December 2008. The MRSA shared spa types t011 (n=139, 56%), t034 (n=98, 39%), t108 (n=8, 3%) and t1451 (n=4, 2%); spa type t2510 was not detected among patients. These isolates accounted for 13% of all MRSA isolated from screening samples at the UHM in 2005 (n=16 of 121 isolates), increasing to 15% in 2006 (n=43 of 286 isolates), 21 .9% in 2007 (n=96 of 438 isolates) and 22.4% in 2008 (n=94 of 419 isolates). Among the patients colonized by presumptive livestock-related MRSA, 100 were available for telephone interviews and were included in the case group. The 100 patients within the control group were randomly selected out of 1,015 MRSA isolates obtained from screening between January 2005 and December 2008 and exhibiting spa types which were not found on regional pig farms. These 1,015 isolates were associated with a total of 136 (predominantly classical nosocomial) spa types among which nine spa types were outstanding: t003 (34%), t032 (28%), t004 (4%), t001, t008, t014 (each 2%), t002, t015, and t065 (each 1%). All other spa types were found in less than 1% of the isolates.
Isolates within the case group exhibited spa types t011 (n=57), t034 (n=39), t108 (n=3) and t1451 (n=1). Those within the control group were associated with 26 spa types including t003 (n=39), t032 (n=29), t004 (n=5), t002, t008, t014, t061 (each n=2), t001, t012, t018, t020, t022, t024, t038, t045, t065 t068, t069, t091, t256, t284, t578, t660, t1329, t1996, and t4111 (each n=1).
Since the age of the patients differed between the case and control groups (P=0.06; case group mean/median age: 48.2/48 years; control group mean/median age 53.7/ 56 years), age categories were built and included in the statistical analysis (Table 1) . At least one of the classical nosocomial risk factors for MRSA acquisition was identified among n=64 (64%) of patients in the case group and among n=91 (91%) of patients in the control group (P<0.001). 
Discussion
In 2003, a new MRSA clone exhibiting MLST CC398 (spa types t108, t011 and relatives) emerged among patients in Dutch hospitals. Since the occurrence of this MRSA type was shown to be epidemiologically linked to regions with a high density of pig farming [37] , and as screening of pigs yielded high colonization rates [9] , it was assumed that pigs might be a potential zoonotic source for MRSA transmissions.
It is unknown how often pigs at German farms, which are major European pig producers (Eurostat yearbook 2008, http://epp.eurostat.ec.europa.eu), are colonized with MRSA. In this study, we identified MRSA colonization in pigs on 70% of the regional farms. This corresponds to data from The Netherlands where 23-80% of the pig farms were affected [9, 38] , and it clearly reflects that porcine MRSA colonization is a common phenomenon on farms in Germany, at least in the study area. However, genotypic investigations on MRSA isolates from pigs with acute diseases (urinary tract infection, skin infection, metritis mastitis agalactia syndrome) [16] and screening of clinical specimens and cadavers [24] recently indicated that other German geographic regions may also be involved.
Molecular typing revealed that the regional pigs' isolates were associated with a subset of spa types associated with MLST CC398, agr type I and SCCmec types V and IV, as observed in other countries [9, 18] . All isolates derived from pigs in this study did not harbour genes encoding exfoliative toxin, the toxic shock syndrome toxin 1 and enterotoxins. Moreover, the porcine isolates lacked leukocidal toxin genes lukE/lukD, lukM and the PVL-encoding lukS/lukF. These results confirm previous investigations [38] and suggest a low capacity of regionally disseminated porcine MRSA subtypes to induce toxin-mediated diseases among humans. The importance of these findings is highlighted against the background that MRSA CC398 have entered the food chain [22] and an outbreak of foodborne disease caused by enterotoxin-producing MRSA exhibiting a different (non-CC398) molecular type has been described previously [39] . Hence, a close surveillance of S. aureus from different species and from food samples should reveal the potential emergence of toxin-producing MRSA isolates.
Logistic regression modelling in our case control study yielded that, in addition to contact with pigs, contact with cattle was also independently associated with an increased risk for MRSA CC398 colonization. This finding confirms recent observations by van Loo et al. who also found a correlation of human MRSA CC398 carriage and contact to cattle [37] . Since no data on the prevalence of MRSA among cattle on German farms are published, further studies are warranted to investigate this issue.
It has previously been observed that rates of antimicrobial resistance in the commensal flora of (pig) farmers are significantly higher than in the general population [40] . The recent emergence of MRSA among farmers [17] therefore might reflect another facet of a long-known phenomenon. Nevertheless, we showed that the proportion of MRSA with presumptively livestock-associated spa types among all MRSA isolated from admission screenings at the UHM increased from 13% in 2005 to 22.4% in 2008. This proportion is higher than suggested by national German surveillance data [20, 41] . It has been confirmed that MRSA CC398 are not only found locally at the UHM, but are frequently isolated from admission screenings in an entire region of Northwestern Germany [42, 43] . The high burden of this MRSA subtype might therefore primarily reflect a regional situation, which could be explainable by the fact that the region involved is the area with the highest pig density (number of pigs/km 2 ) in Germany (information.medien.agrar e.V., Agraratlas Jan 2005, http://www.ima-agrar.de).
In this retrospective case control study, we showed a significant association of the spa types t011 and relatives with contact to pigs and cattle. We recognize the limitations (recall bias) inherent within this study type and state that our findings, which represent correlation data, are not suitable for proving a direct transmission of MRSA between animals and humans. However, we demonstrated that 36% of presumptive livestock-related MRSA carriers lacked classical risk factors hitherto used for admission screening of patients. Moreover, carriers of MRSA CC398 in this study comprised younger patient groups who are usually less frequent carriers of MRSA [42] and less frequently associated with classical MRSA risk factors. This raises the question of whether commonly used recommendations for admission screening are convenient to detect patients harbouring livestock-associated strains. Therefore, we favour considering adding "contact to livestock" as a risk factor to the admission screening schedule for hospitals, at least in regions with a high density of farming. Otherwise the floodgates for a clonal spread of MRSA CC398 could be opened in these regions. Furthermore, efforts of molecular MRSA surveillance and reports on prevalence will fail to reflect the actual epidemiological situation. In The Netherlands, current reports show that an adaptation of the on-admission MRSA screening protocol in this manner revealed that 32% of pigexposed patients admitted to a Dutch hospital were colonized by MRSA. This led to a three-fold increase in the local MRSA incidence in a predominantly agriculturally structured region [44] . Moreover, our observation that the increase of MRSA CC398 at the UHM was related to the introduction of a new local MRSA "search policy" performing screening in all patients, irrespective of risk factors, emphasizes the importance of the risk patient definition for the identification of these isolates. This is highlighted by the threat that continuous introduction of MRSA CC398 to the hospital setting, might cause nosocomial spread to patient groups with underlying comorbidities and thereby facilitate infections. This threat has recently been increased by the first nosocomial outbreak of MRSA ST398 in a Dutch hospital [45] . Apart from giving impetus to antimicrobial resistance import to hospitals, colonization with MRSA CC398 might set livestock-exposed persons under risk of developing severe S. aureus CC398-associated infections [21, 46] . First, this highlights the special need to consider MRSA as causative agents when treating such patient groups. Second, it raises the question as to whether the implementation of preventive measures (consequent alcoholic hand disinfection, wearing of gloves and prevention of dust inhalation) could forestall MRSA colonization of livestock-exposed workers.
In conclusion, our findings confirm that MRSA associated with spa type t011 and relatives can be found on German pig farms and indicate that livestock might represent a relevant source for MRSA imports to hospitals.
